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摘  要 
正极材料的工作电压和容量是影响锂离子电池能量密度的重要因素。尖晶石
LiMn1.5Ni0.5O4 具有原料丰富、成本低、倍率性能好、工作电压高（~4.7 V）等优
势，是很有潜力的锂离子电池正极材料。然而，当在 3.0~5.0 V 区间充放电时，
LiMn1.5Ni0.5O4 的理论容量仅 147 mAh/g，限制了其在高能量领域的应用。理论上，
当扩大充放电区间至 2.0~5.0 V，Li+可以在四面体的 8a 位置以及八面体的 16c 位
置上可逆嵌入-脱出，材料的理论容量高达 294 mAh/g。 
本文采用传统高温固相法合成不同 Ti 取代量的尖晶石 LiNi0.5Mn1.5-xTixO4  
(0 ≤ x ≤ 0.6)，首次研究其在 2.0~4.95 V 电压区间的电化学性能。测试结果表明，
未取代的 LiNi0.5Mn1.5O4 在该电压区间以 75mA/g 的电流密度充放电测试时，首
次放电容量高达 239.1 mAh/g，但循环性能差，100 次循环后容量保持率仅 44.5%。
Ti 取代 Mn 后材料放电容量有所降低，当 Ti 的取代量达到一定值时（x ≥ 0.4），
循环性能有明显改善。实验结果表明，Ti 的最优取代量为 x = 0.5，该材料首次
放电容量为 206.5 mAh/g，100 次循环后容量保持率为 57.6%。仔细对比
LiNi0.5Mn1.5O4 和 LiNi0.5Mn1. 0Ti0.5O4 前 100 次循环的放电曲线，发现 Ti 取代主要
改善 2.7 V 左右对应 Mn4+ / Mn3+电压平台的容量保持率；而首次放电容量的下降
则主要由于 4.7 V 左右 Ni4+ / Ni2+氧化还原平台容量的减少。 
从过渡金属离子价态以及晶体结构等方面探讨 Ti 取代 Mn 影响
LiNi0.5Mn1.5-xTixO4 材料电化学性能的机理。非原位 XRD 测试结果表明 Ti 取代
Mn 可以在一定程度上抑制放电过程中尖晶石立方相向四方相的转变，降低晶体
结构畸变程度，从而起到稳定尖晶石骨架以及改善循环性能的作用。 
XPS 和 XANES 测试结果表明，Ti取代对 LiNi0.5Mn1.5O4 和 LiNi0.5Mn1.0Ti0.5O4
中过渡金属离子的价态没有明显影响，两个材料中 Ni 均为+2 价，Ti 为+4 价，
Mn 为+3 价和+4 价的混合价。 
晶体结构精修结果表明 Ti 取代会导致晶胞体积增大。在尖晶石结构中，Ni、
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LiCoMnO4 具有很高的工作电压（5.1 V 和 4.9 V），但其循环性能较差。
Li4Ti5O12 作为负极具有很好的安全性、循环性能和倍率性能，但其工作电压较高
（~1.55 V），与目前商业化的 LiFePO4 以及 LiCoO2 组装全电池时，电池整体电
压低，难以发挥锂离子电池高电压、高能量的优势；若以高电压的 LiCoMnO4
为正极，Li4Ti5O12 为负极，全电池仍具有 3.3 V 以上的工作电压。 
本文采用溶胶凝胶法合成相纯度高的尖晶石 LiCoxMn2-xO4 (x = 1, 1.05, 1.2)，
其中，LiCoMnO4 表现出最优的电化学性能，继续增大 Co 含量反而会导致 5.1 V
左右 Co4+ / Co3+氧化还原平台容量的降低。LiCo1.2Mn0.8O4 的 XRD 图谱中出现了
由于 Li 与过渡金属混排而产生的衍射峰，猜测过量的 Co 可能会影响晶格内各离
子分布情况，且 Co 含量越大，Co3+对电解液的催化氧化也越明显，从而影响材
料电化学性能的发挥。 
利用正负极材料充放电曲线信息，模拟 LiCoMnO4 / Li4Ti5O12 全电池充放电
曲线形态。LiCoMnO4 / Li4Ti5O12 全电池具有两个电压平台，分别为 3.5 V 以及
3.2 V。当正负极质量比小于 1:1 时，全电池电化学性能主要由 LiCoMnO4 控制，
此时电池的放电容量较小，且容量衰减较快；当正负极质量比大于 2:1 时，全电
池电化学性能主要由 Li4Ti5O12 控制，此时将具有较高的放电容量以及很好的循
环稳定性。考虑到 LiCoMnO4 循环过程容量衰减较快，控制正负极质量比为 3:1，
组装 LiCoMnO4 / Li4Ti5O12 全电池，该电池工作电压为 3.2 V，首次放电容量  
115.9 mAh/g，100 次循环后容量保持率为 88.3%，既发挥了 LiCoMnO4 高电压的





















Operating voltage and the capacity of the cathode material are two major factors 
influencing the energy density of lithium-ion batteries. Spinel LiNi0.5Mn1.5O4 is one of 
the most promising and attractive cathode materials due to various advantages, in 
particular its low cost, excellent rate capability, and relatively high working voltage 
(ca. 4.7 V). However, the theoretical capacity of LiNi0.5Mn1.5O4 is only 147 mAh/g 
when cycled between 5.0 V and 3.0 V. This relatively low capacity will hinder its 
future application in the high power field. However, theoretically, when cycled 
between 5.0 V and 2.0 V, two lithium ions can be inserted/extracted into/from the 
spinel structure, and its capacity can be as high as ca. 294 mAh/g. 
In this work, Ti-substituted spinel LiNi0.5Mn1.5-xTixO4 (0 ≤ x ≤ 0.6) samples were 
synthesized via a facial solid-state reaction method. The original LiNi0.5Mn1.5O4  
exhibited a high initial discharge capacity of 239.1 mAh/g but over time showed 
severe capacity degradation, with a capacity retention of only 44.5% after 100 cycles. 
Ti substitution decrease the initial discharge capacity, but an appropriate amount of Ti 
substitution clearly enhanced the cyclic stability of LiNi0.5Mn1.5-xTixO4 in this wide 
voltage region. LiNi0.5Mn1.0Ti0.5O4 sample showes an initial discharge capacity of 
206.5 mAh/g, with a relatively high capacity retention of 57.6% after 100 cycles. 
When comparing the initial 100-cycle discharge curves of LiNi0.5Mn1.5O4 and 
LiNi0.5Mn1.0Ti0.5O4, it can be seen that Ti substitution significantly improved the 
capacity retention at the 2.7 V voltage plateau which corresponds to the Mn4+ / Mn3+ 
redox reaction, while the decrease in capacity is mainly due to the shortening of the 
plateau at 4.7 V for Ni4+ / Ni2+. 
XPS and XANES techniques were applied to examine the valence state of the 
transition metals in LiNi0.5Mn1.5O4 and LiNi0.5Mn1.0Ti0.5O4 samples. Both the XPS 
and XANES spectrums show that Ti substitution did not change the valence state of 
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Mn showed a mixed oxidation state. 
Rietveld structural refinement results indicate that the transition metals (Ni, Mn 
and Ti) distributed randomly in the octahedral sites. Li+ ions occupied the tetrahedral 
interstice, which is made up of MO6 octahedrals. Since the ionic radius of Ti4+ is 
much larger than that of Mn4+, Ti substitution enlarged the cell parameters and shrank 
the lithium ion diffusion channel, which may have resulted in a capacity decrease. 
Spinel LiCoxMn2-xO4 (x = 1, 1.05, 1.2) samples were prepared by a sol-gel 
method. The discharge capacity decreases with the increase of Co / Mn ratio, which 
may be due to a severe oxidation of the electrolyte. Among these compounds, 
LiCoMnO4 delivered the highest capacity, but it suffered from severe capacity 
degradation during the charging / discharging process. A LiCoMnO4 / Li4Ti5O12 
full-cells were fabricated and their electrochemical performance were investigated. 
Since the Li4Ti5O12 anode presented an excellent cyclic stability, the design of the 
full-cell was based on the capacity limitations of Li4Ti5O12. In this work, the active 
material mass of the LiCoMnO4 cathode was then selected to be roughly triple that of 
the Li4Ti5O12 anode. The resulting full cell then showed a voltage plateau of ca. 3.2 V 
and a discharge capacity of 115.9 mAh/g at a current density of 170 mA/g, with only a 

































1859 年, 法国科学家 Gaston Planté 发明了铅酸电池, 如今电池已经有 150
多年的使用历史 [3]。铅酸电池的工作电压远低于锂离子电池, 只有 2 V；其能量
密度较低，不足 50 Wh kg-1。随后出现的镍铬电池工作电压更低，只有 1.2 V 左
右；但其能量密度较铅酸电池稍高， 最大可以达到 70 Wh kg-1。 早期的电池主
要用于闪光灯、玩具、汽车等交通工具的照明等方面，对电池的能量密度、功
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图 1.1 锂电池充电时金属锂表面形成锂枝晶[4] 










图 1.2 重要二次电池体系的体积比容量和质量比容量比较[4] 
Fig. 1.2 Comparison of the different battery systems in terms of volumetric and 
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